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4 from Treat Island described in Paport 3, with the exzeptiur of the loading
condition of the be os during the years of weathering.

AThe laboratory testb oniuctea on these beas consisted of ex nation
and tensile testing of the steel prestressing, (pretensioning) strands after re-
moval from the beams and also tests to determine depths of carbonation and
chloride renetration into the test beszm.,

Ushe vonclusions,drawv from the tests condupted on these beams are as
follows:

cl 'The steel prestressing strands vre heavily corroded due to
; spailing of the concrete and detachment of the protective epoxy

end pado. The corrosion was heaviest at tht ends of the
strands, but il. was also heavy iN some areas or the midportion
of the strand.

jub. The corrosion or the strands was so severe that of the eip.ht
rtrands tested in tension (rour from each beam), none or the
strands passed all or the AM tests for tensile strength or
elongation under load.

c. The corrosion on the center wire of each strand was o the same
intensity as that on the outer vires anil had progressed the
sane distance into the beam.

,d. In areas of heavy corrosion or the strand, there van no cement
paste stuck to the strandU where the steel was only lightly
corroded, there vas cement paste stuck to the strands, thereby
indicating that water had penetrated into the beam along the
cement paste-steel interface where the bond had broken and then
into the center wire through the outer wire.

e. Results of tests to ascertain delth of carbonation indicated
that carbonation was not a factor in the corrosion of the steel.

f. Results of tests to ascertain the degree o chloride contamina-
tion revealed that there were sufficient chlorides present to
be a major cause of corrosion of the prestressing strands.
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PREFACE

The investigation reported heroin formn a part or Civil Works Re-

search Work Unit 01 04 01/31133 and was approved by Office, Chief of

Engineers, on 214 May 1974.

4 The test program was carried out by the Concrete Laboratory (CL) of

the U. S. Army Engineer Watervays Experimert Station (WES), under the

direction of Messrs. Bryant Mather, Chief of the CL, L. Pepper, Chic" of

the Engineering Sciences Division, and J. M. Polatty and J. H. Scanlon,

former Chief and Chief, respectively, of the Engineering Mechanics Divi-

sion. This report was prepared by Mr. Edward F. O'Neil.

Director of the WES during the conduct of this investigation and

the preparation and publication of this report was COT, G. H. Hilt, CE.

ITechnical Director was Mr. F. R. Brown.
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CONVEIHION FACTORS, U. S. CUSTOMARY TO METRIC (0I)
UNIVS OF M A.EUHFEENT

U. S. customary units or measurcmtnt used in this report can be con-

verted to metric (I) units as fullova:

Multihp ly B To Obtain

inchei. V5.14 millimetres

pounds (force) 4.4h$8"2, nevtons

4 , pounds (force) per square e.oo689757 megapascaas
inch

gallons (U. S. liquid) 3.785412 cubic decimetres
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DURABILITY AND BEHAVIOR OF PRSTRESSZE) CONCRETE BEIAM

SLABORATORY TL-VT3 OF WEATHERED FRETEN'SIONED BEAWZ

9

PART I: INTRODUCTION

Background

1. This inve.tigation was begun in 1956 to develop information on

-I| the durability and behavior of prestressed concrete beams. Rerorts 1-41-1-4
of this seriesl1- describe the test beams and the progress or this in-

vestieation throu&h 1974. They include data on pretensioned beams weath-

ered at the Treat Island, Maine, exposure station and at St. Augustine,

Florida, and on poattensioned beams weathered at Treat Island. The pre-

tensioned concrete beams used in the phase of the investigation reported

herein were installed at the outdoor tidal exposure station at Treat

Island ir 1958 and 1959. The beams were subjected to freezing in air

and thawing in seawater for 16 winters and inundated twice each day by

the tides. Then they were returned to the Concrete Laboratory at the

U. S. Army Engineer Waterways E.periment Station (WES) for ex%ination

and testing.

Purpose

2. The primary purpose of this phase of the investigation was to

gather additional information on the condition of the prestressing

strands from selected weathered beams returned to the WES from the Treat

Island exposure 3tation. Of primvary interest was the condition of the

central wire of each seven-wire prestressing strand and its effect on

the surrounding wires with regard to passage of water Into the center of

the beam. One of the conclusions stated in Report 3 of this series was

that "internal strand corrosion seemed to progress along the center wire

from the ends of the beam and extended generally w,ll beyond the ex-

ternal corrosion on the strands." The beams were also examined in the

h4



uz- manher an that desoribed in Report 3 of thic series (Reference 3)

in ,rd.,r to provide a basia fcr comparison of results obtained in these

' two phases or tedtine.

Scope

3. The work encompassed in this phase of the investigation in-

cludea visual examination and laboratory testing of the concrete and the

prestreocing steel str&nds of beams 13 and 21 of the pretensioned beam

series. The specific tests perrormed were as follows:

a. Visual examination of the beams, incluaing photographic
recording of rusting, spalling, and staining.

b. Examination and cataloging of the steel pretensioned
strands to determine extent of corrosion.

a. Otructural esting of selected szrands from each beam to
determine tonsile strength, elongation at failure, and the
stress-strain characteristics of each strand.

d. Tests for degree of chloride contamination.

e. Testa for depth of carbonation.

I
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VARTI II: DrI.HIPTION OF TM UMIMEM,

The, pretenuionrd conerete beamrr in thia 3tudy were of reetan.u-

lar cro: arti.n (4-1k by 9 in.*) and were 8l In. lonr,. F ah beam can-

tainel ninie l/4-in. (1 by 7) preutreoaing :,trand:t located as shown In

Figur. 1. The beam were maar of goa , quality air-entrained conerete

t I.. a. a.]

4 _ _ _ _ _ _ _

DWALDOS~ ECVTIO4

F . D

Yi

men tmerc(luntispsnt onpge3

6

FiueSUDtie eiono rt.soe concrete 34.m

*A table e±f factors for converting '1. S. customary units tAf measu'.e-
ment to metric (si') units ia presented on page 3.



using 1irstone aggregates. Physical properties of tbe concrete mixture

were:

Aosinal
NaiM~ Size Corpressive Water-Cement

Coarse Aggregate )ntrained Strength at Slump Ratio
In. Air. _ 28 LUY'. jpsi in. va/bu

3/h h. ± 0.5 6OOO 1-3/b _ 1/2 5.85

Tae ends or the steel strands vere izut to be fluh with the ends of the

beams and veiv proteeted at each bear end with a pad of epoxy approxi-

mate1*" 3 by . by I/, in. thick,

5. Ai le pretenvirmud bea* iluded In this phase of the study

were shippel to .he WM frm Treat Islanip at the time of this investiga-

tion, and beams 13 ad 1 were .chot- for testing. These beam had been

installed at Treat Island in vsrious londing conditions in October o

1958 and vire returned to the laboratoij at WC ) fter 16 winters of tidal

exposure. The pretensioning steel in both bean had been stressed to

70 percent of uttimate n rength o" the strond.

a. e- 1 vas loaded, as half of a yoke4 pair, to6 319 lb,

vhich was 10 percent of prestress load. Photos la and lb show the con-

ditlionz of the landward &nr svaward ends, respectively, of this beam at

the time it was received in the labrator . Av shown in these photos,

both ends had received heavy damage due to spalling, thereby resulting

in exposure of the strands to direct contact with the saline environme..

Pbot.. 2a sovs the profile ot the besa and the damge to the landvnrd

end. 'The seaward end was less damaged, but both ends of the beam had

lost the epoxy pads that protected the ,nds of the strands. The edges

of the beam showed moderate damage due to weathering of the concrete

surface.

Beam 21

7. Photo 2b shows a profile of beam 21 as it was received from

- Treat Island. There is moderate to heavy damage due to weathering, and

7i



the bean is cracked both at the landward and seaward ends and in the

middle on the tension face. This beau was loaded to 5833 ib, which was

100 percent of the prestress load. Photos 3& and 3b show the deteriora-

tion of the landward and aeaward ends, respectively. Both epoxy pads

were missing, and at the ends moderate amounts of spalling had occurred,

thereby exposing 1-3 in. of the strands to seawater corrosion. Cowanri-

son of Photos 3a and 3b shows that the corrosion at the landward -pd was

more advanced than that at the seaward end.

8



PART III: T AND RESULTS

Examination of the Strands

8. After photographs were taken to record the condition of the

outside of each beam the concrete was separated from the steel preten-

sioning strands. Photos 4& and 4b show the strands as they were being

removed from the beams. The concrete around the strands of each beam

(Photos 4a and 4b) broke into smaller pieces than did that at the top

half of the beam, and in both beas the horizontal planes of the r.rands

acted as plane.- of fracture when the concrete was broken. The ends of

beam 13 are shown in Photos 5a and 5b. The strands show heavy rusting

cloce to the ends where they were exposed when the concrete spalled.

Also, in this area the concrete around the strands was stained with the

products of corrosion. Farther into the beam where there was less rust

on the strands, tere were fewer stains on the con"rete. Photos 6a and

6b show the rust on the strands and rust stains on the concrete of beam

21 at the landward and seaward ends, respectively. Where the strands

were heavily rusted, the concrete was heavily rust-stained, and where

the strands were lightly rusted, similar rust stains occurred on the

concrete.

9. Of the nine pretensioned strands in each beam, the four

strands in the best condition were chosen for structural testing. The

remaining strands were unraveled and the extent of corrosion on the

strands recorded. Particular note wat made of the extent of corrosion

on the center wire with relation to that on the outside wires that

surrounded it.

10. The locations of the steel strands in each concrete beam are

shown in Figure 1. There are three strands in each of three rows: the

strands in the row nearest the top of the bean as cast are numbered 1,

2, and 3; those in the middle row 4, 5, and 6; and those in the bottom

row 7, 8, and 9. Each strand is a nominal 1/4-in.-diam strand consist-

ing of seven wires, a center wire with six others surrounding it.

11. The terms used in evaluating the corrosion on the surface of

9



the zt~el strands from beams 13 and 21 are the same as those used and de-

fined in Report 3 (Reference 3), thereby making possible a comparison be-

tween the recults reported herein and those prezented in Report 3. For

convenience, terms and definitions are reproduced below.

Surface Area of Strand
Coated with Corrosion

Extent of Corrosion Products, percent

Heavy 80-100
Moderate 30-80
Light 0-30

-I Heavy corrosion of the strands is shown in Photo 7a and light corrosion

in Photo Tb.

1. The tests conducted on the pretensioned beams returned from

. ITreat Island were as follows:

a. Examination of steel prestressing strands.

b. Determination of tensile strength and elastic properties
of the steel strands.

c. Tests for depth of carbonation.

S3 d. Tests for degree of chloride contamination.

'Beam 1

13. The following subparagraphs describe the corrosion on the

steel strands from beam 13.

a. Strand 1.

(1) Landward end: External corrosion extended for 7 in.
from the end (0-4 in. - heavy; 4-7 in. = mtoderate).

(2) Seaward end: External corrosion extended for 9 in.
from the end (0-2 in. z heavy; 2-9 in. a moderate).

(3) Rest of strand: There was light rust over much of
the midportion of the strand with two 1-in. spots of
heavy rusting, one 17 in. from the landward end and
the other 13 in. from the seaward end.

(4) Internal versus external: The rust on the center
wire exactly matched that on the outer wires for
both ends.

b. Strand 2.

(1) Landward end: External corrosion extended for 55 in.
from the end (0-55 in. = heavy).

10



(2) Seaward end: External corrosio extended for 3 in.
from the end (0-3 in. - heavy).

(3) Rest of strand: The rusting was heavy over most of
the midsection of this strand, like that described
above for the landward end of this strand. The only
section that was lightly rusted was close to the sea-
ward end.

(1) Internal versus external: The center wire was heavily
rusted where the outer wires were rusted for 55 in.
from the landward end and lightly rusted for the re-
mainde., of the strand.

a. Strand 3.

(1) Landward end. External corrosion extended for 18 in.
from the end (0-17 in. a heavy; 17-18 in. = moderate).

(2) Seaward end: External corrosion extended for 3 in.
from the end (0-2 in. a heavy; 2-3 in. - moderate).

(3) Rest of strand: At a spot 27 in. from the landward
end, there was a patch of heavy rusting 2 in. long.
The rest of the strand was mildly rusted. At the
landward end the wires of this strand were badlyT
twisted and bent.

(4) Internal versus external: At the isolated spot of
rust 27 in. from the landward end, the eenter wire
became heavily rusted. The rusting on the center
wire to either side of this area was light. At the
landward end vhere the outer wires were twitted and

bent, the center wire was missing from the le gth of
the twisted section. The rust at the seaward end
was light.

d. Strand 4.
(1) Landward end: External corrosion extended ror 18 in.

from the end (0-5 in. a heavy; 5-15 in. - moderate;
15-18 in. - light).

(2) Seaward end: External corrosicr extended for 3 in.
from the end (0 to 1/2 in. = heavy; 1/2 to 3 in.
moderate).

(3) Rest of strand: There were light intermittent areas
of rust on the midportion of the strand, but overall
the rusting was light.

(-) Internal versus external: At the landward end the
heavy rusting on the center wire extended 2 in. far-
ther into the beam than did that on the outer wires;
on the rest of the strand the corrosion essentially
matched that on the outer wires.

11



e. Strand 5.

(1) Landward end: External corrosion extended for 30 in.
from the end (0-30 in. = heavy).

(2) Seaward end: External corrosion extended for 7 in.
from the end (0-2 in. - heavy; 2-5 in. = moderate;
5-7 in. - light).

(3) Rest of strand: At 28 in. from the landward end there
was a spot of heavy rust 1 in. long; otherwise there
were only light spots of rusting.

(4) Internal versus external: At the seaward end there
vas moderate to heavy rusting from 0 to 7 in.,
after which the rust became light. For the 30 in.
at the landward end, the center wire was heavily
rusted.

f. Strand 6.
(1) Landward end: External corrosion extended for 7 in.

from the end (0 to 2-1/2 in. a heavy; 2-1/2 to 7 in.
= moderate).

(2) Seaward end: External corrosion extended for 7 in.
from the end (0 to 2-1/2 in. a heavy; 2-1/2 to 5 in.
N moderate; 5-7 in. - light).

(3) Rest of strand: From 14 to 24 in. f-= the seaward
end, there was light to moderate rus-ing on the mid-
portion of the strand.

(4) internal versus external: The corrosion on the cen-
ter wire matched that on the outer wires. In general,
the rusting was light with the exception of the ex-
treme 2-1/2 in. at each end.

. Strand 7.

(1) Landward end: External corrosion extended for 7 in.
from the end (0-3 ,a. - heavy; 3-7 in. - moderate).

(2) Seaward end: External corrosion extended for 8 in.

from the end (0-3 in. - heavy; 3-6 in. a moderate;
6-8 in. - light).

(3) Rest of strand: There were two spots of heavy rust
on the midsection of this strand, one a 3-in. rust
spot 18 in. from the seawvard end and the other a
1-in.-long spot 29 in. from the seaward end.

(4) Internal versus external: The rusting on the center
wire was heavy at both ends, matching the external
corrosion on the strand. At the two heavy spots on
the midportion of the strand, the center wire had
heavy corrosion.

12



b. Strand 8.

(1) Lahdward ond: External corrosion extended for 9 in.
from the end (0-1. in. a heavy; !4-9 In. = moderate).

(2) Seaward end: External corrosion extended for 8 in.
from the end (0-7 in. a heavy; 7-8 in. a moderate).

(3) Rest of strand: On the aidportion of the ritrand
there was a 26-in.-long section that had 10 in. of
heavy, 10 in. of moderate, and 6 in. of light corro-
sion. Two of the wires were broken in this area due
to heavy corrosion.

(4) Internal vt .a external: The inner wire had corro-
sion over the entire length. At both ends the cor-
rosion of the center wire was heavy and matched that
of the outer wires. Throughout the midportion the
corrosion was light to moderate.

i. Strand 9.

(1) Landward end: External corrosion extended for 10 in.
from the end (0-4 in. a heavy; 4-10 in. - moderate).

(2) Seaward end: External corrosion extended for T in.
from the end (0-4 in. a heavy; 4-T in. - moderate).

(3) Rest of strand: There was light rusting over the
entire midportion of this strand with heavy rust
spots 1 in. long at 13, 22, and 29 in. from the
seaward end.

(4) Internal versus external: The corrosion on the cen-
ter wire matched that on the outer wires.

14. The following tabulation summarizes the corrosion to the

strands uf beam 13.

Extent of Corrosion'
Landward Seaward

Strand End End Rest of Strand
4-H 2-H Light rust over rest of strand. Two

3-M 7-M 1-in. heavy spots

2 55-H 3-H Most of the midspan heavily rusted

3 17-H 2-H Generally light rust. At 27 in. from
1-M 1-M the landward end, a 2-in.-long

heavily rusted area

(ontinued)

h 1-H, 3-M denotes heavy corrosion on the first 4 in. eund light
corrosion on the next 3 in.

* 13



Extent of Corrosion
Landward Seaward

Strand End End Rest of Strand

5-H 1/2-H Light intermittent rust on all the
10-H 2-1/2-M wires
3-L

5 30-H 2-H Light rust over rest of wires. At
3-M 28 in. from landward end, a 1-in.
2-L heavy rust spot

6 2-1 /2-H 2-1/-Hs From 14 to 2 in. fro seaward end,
-1/2-M 2-1/2-M light to moderate rust2-L

7 3-H 3-H Two l-in.-long spots of heavy rust;
4-M 3-M rest only lightly rusted

2-L
S8 4-H 7-H In 2&-in.-long section, 10 in. of heavy,

5-M 1-M 10 in. of moderate, and 6 in. of

light rust; two broken wires due to
heavy corrosion

9 4-H 4-H Light rust over entire section. 1-in.
6-N 3-M spots of heavy rust at 13, 22, and

29 in. from landward end

15. External corrosion on the strands of beam 13 was generally

heavy for the first 5 in. from the landward end; then the corrosion be-

came moderate. Strands 2, 3, and 5 exhibited heavier corrosion for

greater distances into the beam, the greatest being strand 2 with heavy

corrosion for 55 in.; however, basically the corrosion beyond 30 in. be-

came light and intermittent. At the seaward end of the strands, the cor-

rosion was generally heavy for less than 4 in. and then became moderate

to 8 in. The centers of the strands were in most cases lightly corroded

with intermittent heavy rust spots at various distances from the ends.

Strands 2 and 8 had extended lengths of moderate and heavy rusting.

16. The intensities of rusting on the center wires of the beam 13

strands matched those on the external wires in all cases except the one

for the landward end of strand 4. Here the center wire was heavily

corroded for 2 in. farther into the beam than were the outer wires.

Photos 8 a-8c show the relation between the outer wires and the inner

wire of strands 3, 7, and 8 in beam 13. Although the rusting is

114



difficult to see because of the lack of contrast, these photographs shov

how the rusting of the inner wire matches that of the outer wires. In

each photograph, the wires are more heavily corroded in the right half

of the picture.
Bean 21

17. The following subparagraphs describe the corrosion on the

steel strands examined from bea 21.

a. Strand 1.

(1) Landward end: External corrosion extended to 12 in.

from the end (0-9 in. a heavy; 9-11 in. a moderate;
11-12 in. a light).

(2) Seaward end.*

(3) Rest of strand: There were light intermittent spots
of rust throughout the central portion of the strand.

(4) Internal versus external: Heavy corrosion existed on
the center wire up to 12 in. from the landward end of
the strand; there was light rust on the center strand
throughout its entire length.

Sb. Strand 2.

(1) Landward end: External corrosion extended to 19 in.
from the end (0-9 in. a heavy; 9-19 in. a moderate).

(2) Seaward end.*

(3) Rest of strand: There was light rust on the central
portion of this strand over its entire length.

(1) Internal versus external: Moderate and heavy rusting
on the center wire matched that on the outer wires to
19 in. from the landward end. The center wire had
light rust throughout its entire length.

c. Strand 3.

(1) Landward end: External corrosion extended for 30 in.
from the end (0-30 in. = heavy).

(2) Seaward end: External corrosion extended for 24 in.
from the end (0-19 ,n. a heavy; 19-24 in. - moderate).

(3) Rest of strand: There were sma.U rust spots less
than 1/2 in. long over most of the midsection.

(4) Internal versus external: Internal corrosion at the

' Portions of the strand were either destroyed by or not identified
after structural testing.

15



landward end matched the external corrosion on the
strand, and corrosion on the center wire in the wid-
section of the strand was light. The corrosion on
the central wire at the &eaward end extended 1/2 in.
farther into the beau than did that on the outer
Vires.

d. Strand 4.

(1) Landwurd end: External corrosion extended for 9 in.
from the cnd (0-9 in. m moderate).

(2) Seavard end: External corrosion extended for 22 in.
from tht end (0-4 in. = moderate; 4-22 in. = heavy).

(3) Rest of strand: From 30 to 42 in. from the landvard
end the external corrosion was heavy. On the rest of
the midsection there was light rust.

(4) Internal versus external: The corrosion on the cen-
ter wire matched that on the outer wires. Heavy cor-
rosion existed on the center wire over 9 in. of the
landward end and 22 in. of the seaward end. The mid-
section of the center wire had light rusting.

e. Strand 5.

(1) Landward end: External corrosion extended for 15 in.
from the end (0-15 in. a moderate).

(2) Seaward end: External corrosion extended for 30 in.
from the end (0-12 in. a moderate; 12-iO in. T heavy).

(3) Rest of strand: From 20 to 30 in. from the lindvard
end the rusting was heavy. The rest of the midsectionwas lightly rusted.

(4) Internal versus external: The corrosion on the oen-
ter wire was the same as that on the outer wires. The
rusting was heavy at both ends and also from 20 to
30 in. from the landward end. The remaining rust an
the center wire was light.

f. Strand 6.

(1) Landward end: External corrosion extended for 10 in.
from the end (0-2 in. a heavy; 2-4 in. - light;
4-10 in. = heavy).

(2) Seaward end: External corrosion extended for 20 in.
from the end (0-7 in. = heavy; 7-20 in. a moderate).

(3) Rest of s:?and: The entire central section from
10 in. from the landvard end to 20 in. from the 3ea-
ward end was heavily corroded. The steel yas so e-
teriorated that at 48 in. from the landward end ty2
of the outer wires were broken.



(4)Internal versus external: There vs heavy corrosion
over most of the contral wire in this strand. The
only area that hiud less than heavy corrosion was at
10 in. from the landvard end, where the corrosion was
mnderate. At tht, point 48 in. from the landward end
where the outer vires were broken, it vas also found
that the central wire had been broken due to exces-
siYe corrosion. The central wire was also broken at
a point 27 in. from the landward end.

L. Strand 7.

(1) Landward end: EUternal corrosion existed for 12 in.
from the end (0-12 -tn. w heavy).

(2) Seaward end.*

(3) Rest of strand: There was moderate corrosion on the
wires in the midsection of this strand. This strand
was tension-tested and left in four sections, thusI hindering evaluation.

( ) Internal versus external: At the landward end the
internal wire was corroded to the same depth and de-
gree as were the outer wires. There was heavy cor-
rosion for 12 in. from the end of the strand. Corro-
sio:a on the rest of the strand was difficult to
catalog, but what appeared to be the central wire was
moderately to heavily corroded.

h. Strand 8.
(1) Landward end: External corrosion extended for 12 in.

from the end (0-6 in. = heavy; 6-12 in. a moderate).

(2) Seaward end: External corrosion extended for 10 in.

from the end (0-4 in. w light; 4-10 in. a moderate).

(3) Rest of strand: From 31 to 50 in. from the U.ndward
end the corrosion was moderate.

(4) Internal versus external: The corrosion of the cen-
ter wire matched that of the outer wires at both ends,
and in the midsection the corrosion was heavier
31-50 in. from the landward end than anywhere else in
the middle.

i. Strand 9.
(1) Landward end: External corrosion extended for 4 in.

from the end (0-4 in. a heavy).

* Portions of the strand were either destroyed by or not identified
after structural testing.

17



(2) Seaward end.: External corrosion extended for 60 in.

from the end (0-6 in. a moderate; 6-60 in. - heavy).

(3) Rest or strand: Most of the central portion of the
strand was h~ayily rusted and has been described
above. The rest of the strand was lightly corroded.

(4) Internal versus external: Heavy corrosion on the cen-
ter wire wvs identical to that found on the outer
wires. From 0 to 60 in. the seaward end was heavily
corroded, as was the landward end from 0 to 4 in.

18. The following tabuiaticn summarizes the corrosion to the

4strands of beam 21.

Extent of Corrosion*
Landward Seaward

Strand End End Re3t of Strand

1 9-H1 Not available Light intermittent rust throughout
I -

I-L

2 9-H Not available Light intermittent rust throughout
10-H

3 30-H 19-H Small rust spots 1/2 in. long over
5-H most of section

4 9-M 4-M Heavy corrosion 30-42 in. from land-
18-H ward end; light rust over rest of

section

5 15-H 12-H Heavy rust 20-30 in. from landward
18-H end; light rust over rest of

section

6 2-H 7-H From 10 in. from the landward end to
2-L 13-H 20 in. from the seaward end, entire
6-1( strand heavily corroded

7 12-H Not available Moderate corrosJon on most of
midsection

8 6-H h-L Moderate corrosion 31-50 in. from the
6-m 6-M landward end

9 h-H 6-m Central part of the strand heavily
54-H rusted

9-H, 2-M, 1-L denotes heavy corrosion on the first 9 in., moderate on
the next 2 in., md light on the next 1 in. of the strand.

19. The length of external corrosion on the strands of bean 21

18
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was somewhat lea. than that on the strands of beam 13; however, the in-

tensity of the rusting was greater. Heavy rusting at the landward end

generally extended to 10-12 in. from the end of the beam. Then the rust-

ing, Lecame moderate and was considered light after 15 in. The only ex-

ception was strand 3, which was heavily corroded to 30 in. from the end

of the strand. The rust at the seaward end was much more extensive on

the strands of beem 21 than that on the strands of the seaward end of

beam 13. The rust generally extended inward from the end of the beam

for more than 20 in. and in one ease extended to 60 in. from the end of

the strand. The rust was categorized as heavy over most of the corroded

length, but the heavy corrosion occurred away from th. end of the strand.

Strands 4, 5, 8, and 9 had moderate rust at the ends and heavy rust far-

ther into the strand.

20. Corrosion un the central section of the strands in beam 21 was

to a large extent heavy, as described in the previous paragraph. Of the

spots not covered by the description in paragraph 19, most were lightly

rusted. Strands 4 and 5 had heavy ruct for 10 and 12 in., respectively,

and the entire central section or strand 6 was heavily rusteJ.I21. The interior wire of this beam showed the same results as did

the interior wire of beam 13. The corrosion of the center wire matched

that of the outer wires. Photos 9a-9d show the center wire in relation

to the outer wires of strands 4, 6, 8, and 9. In all cases where the

outer wires were heavily rusted, the inner wires were also, and where

the outer wires were lightly rusted, the center wires were also.

22. The rusting on the strands was heavier in beam 21 than in

beam 13. Photo 10 shows wires from strand 6 of beam 21 at a point

24 in. from the seaward end of the beam where two outer wires and the

inner wire were corroded. Thin result was also shown in the structural

testing of the strands of beams 13 and 21.

23. Roshore 3 found that the internal corrosion of the strand had

progressed farther from the ends of the beam than the external corrosion.

His observations showed that the center wire, and the internal surfoices

of the six external wires, were rusted for a longer length inward from

the beam ends than the external surfaces of the six external wires. His
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conclusions were that water UnI ixrgen progmsed P long the yolds sur-

rounding the tL.te wire and reached torther into the been interrlnly

than externally. A similar obuervaticn vi. not maie during th. work re-

ported here. The cause gf the differences in observations is naotkyxn,

Many factors were -xJTerent betwe:en the pairs of beamu rtported on Lera

and previously. 3 The prestressing loads for beime stu4ied previously,

Nos. 4 and 8, were approximately I percent and 70 percent r f uttzae

strand strength, respectively. Deams 13 and 21 studied in this work were

both loaded to 70 per.:e it of ultimate strength or the prestressing

strnds. Beams !, and 8 were placed at Treat Island without being flex-

urally loaded, while be= 13 and 21 were loaded In flexure to 108 per-

cent and 100 percent ef the prestessint, load to balance the compressive

stresses placed on the concrete at the time of preatress tran fer. An

additio..Ai difference van that beams 4 and 8 were -eturned to the WES in

1968 while beams 13 and 21 remained at the exposure site until 1974.

24. One possible reason why the greater extent of corrosion wan

not found in this work is that the higher level of tensile stteas in the

strands caused by the additional flexural loading of beams 13 and 21 my

have increased the degree to which the bond was deatroye,! alon7 the strand.

Also, the additional period of 6 years of exposure to freezing and thaw-

ing may have increased the degree of bond failure to the point where the

progress of water and oxygen was the same as that along the center wire.

Tensile Strength and Elastic Properties of Stranus

25. Four strands from each of the two beams were tension-tested

to determine ultimate tensile strength, ultimate tensile stress, total

elongation, and load at 1 percent elongation. The testing was conducted

in general accordance with the applicable portions of ASTM Designation:

A 416-68 (Reference 5) and the results compared with the stated specifi-

cations for this type of prestressing strand. The specifications are

as follows:

Minimu n load at 1 percent extension: 7650 lb
Minimua ulWtimate load: 9000 lb
Minimum tot 1l elongation: 3.5 percent
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<1~T ir ,-U, ~~v'.~s tezdeJ fros bma. 13 vtre considered t,-, tow ten

,. :-.- "ae~t enrrodt or im. ni-,e atrAnds if that beam, Coy +tve or tne strands

t he requi"meuntz of AM. A 116-48 f ultizate ioa.l, aad retne of the

qtclean paosed tht requireaentft for alimw per,-ent total eltnotion.
The rewlt obtained )ire gIven belcv,

zad at
UltiU, e. i rerc.nt Total

-.timaate -trEuer"%icn Elongtion
M1,5 Wad,1 --11 0 801-

-" 0,79O 2,85*
-. 1. -- 79 0

* -rand d1le not -ee M±C1 mindmu rt'quir~ments ftr total

$.4-- - -ai - t -eet 41% ramui reuiremerts for uL...

It a'd &tot 'each I pmrceft exA to*"-'re "alure.

ZT. The four -Strands of beam 2 thi-. ,er tension-lated h.&ad t.
stresa-strain characteristics presented belvw. A-6 fnr ztrr faiied

to meet A.°T4 requiremento for ultimate lowl, load at rz,,m, ,xte.Ion,

and Luta. elon~ation.

L ad &t
Ultimate I Iercent Total

Ultimate St. t Etension Elongation
Strari' Tad. lb pai Ib perceft

1 71410* %.362. 0~.85,1
2 600o* T;?,r2_7 O. 6P+
5 4370* 1214, 147 0. -- lt
7 78804 223.864 o--.87-

Strand did not meet ASTM minimum requirements for ulti-
mate load.
S Strand did not reach 1 percent extension before failure.

t Strand did not meet ASTM mihimium requiremer.ts for total
elongation.

A typical stress-strain curve for each beam is presented in Plate 1.
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Impth of Carbonation

8. .Olices of concrete from the tor halveu of beams 13 and 21

were tested for 4epth v4' carbonation. The ilices wer, approximately

5 in. long, h in. wide (th, full width of the beam), and i/4 in. thick.

The slices were taken rrom the top of each beam down to the level of-the

top row of prestris.i:nA strands. Each section was treated with a 1 per-

cent anhyar hso phenolphth-,lein solution. Phenolphthalein, being an acid-

base indicator, t.urns pink in the presence of alkalies vii h a pH greater

then 8.2 (Reference 6) and1 remains clear in the .1reiecnce of acids or

alkalies vtth a pif t.over than 8.2. By coating the cross-sectional

slices with this indicatnr, the depth of carbonation can be visibly

determined.

29. 7" Photoo 11 and 12 it can be seen that the depth to which

carbtuntion penetrated was less than 1/16 in. In most cases the phenol-

phthalein indicator turned red at the outer surface of the beam. This

*was true or slices from both beams. In these photographs the darker

area3 represent the concrete that had not been carbntated, and the

lighter concrete areas, if there are any, near the surface of the beam

represent the depth of carbonation. It should be noted that the

aggregate is light because it is limestone and a carbonate aggregate.

The approximate locations of the sections are given below:

Distance from
Landward End Depth from Top

Beam-Section in. of Beam,_ in.
13-1 h6 1

13-2 46
13-3 46 3
13-h h6 4
13-5 46 5

21-1 24 1
21-2 A1 2
21-3 24 3
21-14 214 14
21-5 24 5

30. This test was previously conducted on beam 8 from the same

*m _ _ 22



11-hof Carbonation

.S. ~=0ics of concrete from the top halveu of beams 13 and 2A

were tested rr depth of carbonation. The 1lices wer- approximately

5 in. long, h, in. wide (th, full width of the beam), and 1/4 in. thick.
The slices were tak,,n tro the top or each beam down to the level of the

top row of prestr oi.ing strandu. Each section van treated with a 1 per-

cent anhydrous phenviphth-,ein nklution. Phenolphthalein, bein, an acid-

base indicator, turns pink in the presence of alkalies w11 h a pH greater

than 8.2 (Reference 6) and remains clear in the reience of acids or

alkalies wiJth a pH, lover than 8.2. By coatinF the crous-sectional

slices with this indicatnr, the depth of carbonation can be visibly

determined.

29. In Photot 11 and 12 it can be seen that the depth to which

carbvuntion penetrated was leas than 1/16 in. In most cases the phenol-

Fphthalein indicator turned red at the outer surface of the beam. This

was true of slices from both beams. In these photographs the darker

area3 represent the concrete that had not been carbo.iited, and the

lighter concrete areas, if there are any, near the surface of the beam

represent the depth of carbonation. It should be noted that the

agregate is light because it is limestone and a carbenate aggregate.

4The approximate locations of the sections are given below:
Distance from
Landward End Depth from Top

Beam-Section in. of Beam, in.

13-1 h6 1
13-2 46
13-3 46
13-4 46 14
13-5 46 5
21-1 24 1
21-2 24 2
21-3 24 3
21-4 2h 4
2i-5 2145

30. This test was previously conducted on beam 8 from the same
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series of beams and the results reported in, Report 3 (Reference 3); the

reults of both testu are simliar.

Degree of Chloride Contamination

31. From each beam, samples of concrete were taken and tested for

de:ree of chloride contamination. The concrete samples were 1/4 in.

thick and were taken from beam 13 at depths or 5/8, 1-3/8, 2-5/8, and

3-3/8 in. from the surface and labeled samples 1-4, respectively; slices

were taken from beam 21 at depths of 5/8, 1-5/8, 2-3/8, and 3-1/8 in.

from the surface and labeled samples 1-4, respectively. The location of

each sample and chloride content in percent by weight of concrete are

presented in the following tabulation.

Depth from Distance from Chlorides, %
Nearest Surface Landward End by Weight of

Bem-Sample of Beam, in. in. Concrete

13-1 1/2 30 o.803
13-2 1-3/8 30 0.585
13-3 2-5/8 30 o.689
13-4 3-3/8 30 0.762

21-1 5/8 26 0.839
21-2 1-5/8 26 0.582
21-3 2-3/8 26 0.1471
21-4 3-1/8 26 o.1443

32. The concrete was analyzed for chloride content using, the

silver nitrate titration procedure described by Berman.7 The chloride

contents reported ranged from O.4h3 to 0.839 percent by weight of con-

crete. Plate 2 shows that chloride content decreases with depth in

beam 21 but not in beam 13, where an initial decline was followed by an

increase. This relation was pi-eviously observed by Roshore (Reference

3) in specimens from St. Augustine.
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PART IV: CONCLUOSIONS

33. The external corrosion of the steel strands in both beams was

heavier at the ends than in the midnections of the strands. Although in

some strands extensive heavy corrosion wat found on the midsection, gen-

erally the midsection was only lightly rusted. Cince it was noted that

small pieces of cement paste were attached to the strands in areas of

light rusting and no cement paste was on the strands in areas of heavy

corrosion, it was concluded that the areas in which there was good bond

between the cement paste ind steel were protested a ainst heavy rusting.

34, From the 3tructural tests conducted on the most sound strands

of each beam, it was concluded that th e xtent of corrosion on the

strands of pretensioning steel was severe enough to reduce the tensile

properties of the .teel to an unacceptable level.

35. There was only one case in which the corrosion on the center

wire extended farther into the beam than did the corrosion on the outer

wires. In all the other cases, the intensity and length of the rust

along the center wire matched that along the outer wires. From these

results, it was concluded that (a) water traveled along the length of

the strand only where there was little or no bond between the cement

paste and steel, (b) corrosion of the center wire was the result of

dater and oxygen seeping into the strand from the cement paste-steel

interface rather than from progression along the central strand, Ard

(c) corrosion due to water being pulled farther into the strand length

by the center wire did not exist. This conclusion differs from that

given by Roshore.3 The difference may be due in large part to differ-

ences in load level applied to the beams as these affected the quality

of bond between paste and steel over a long exposure time.

36. Results" of tests conducted to ascertain the depth of carbon-

ation by coating sliced sections with phenolphthalein indicator revealed

carbonation depths to 1/16 in. or less. It vas therefore concluded that

carbonation was not a determining factor in the ccrrosion of the steel.

37. Results of tests for degree of chloride contamination re-

vealed chloride contents ranging from 0.4h3 to 0.839 percent by weight
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of concretc. In beam 21 the chloride content decreaned with depth from

the surface; in beam 13 an initial decline in concentration with depth

for approximately 1 to 2 in. wau followed by an increase (see Plate 2).

From these resuLts it was concluded that sufficient chlorides were

present in the concrete to be a major cause of corrosion of the steel.

38. It iu also concluded that the 3- by 5- by 1/2-in.-thick epoxy

end protection pads did not adequately protect the ends of the strands

from corrosion.

39. Sufficient corrosion data were not obtained to establish a

relationship between durability and intensity of loading.
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a. Landward end b. Seaward end
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' Photo 1. End views of beam 13

a. Beam 13

b. Beam 21

Photo 2. Spalling damage
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a. Landwar.I tmd

b. Seaward1 end

Photo 3. End views of bean M1
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.4 o. Beam 13

b. Beam 21

Photo 1.Exposed steel strands.
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a. Hfeavy
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Photo 7. Exm~e or strand corrosion

a. Strand 3 at seaward end

I b. Strand T at 10 in. from landward end

c. Central section of strand 8at I7 in. fromu
l~andward end

Photo 8. Relation between outer wires and innerwire of some strands in beam 13



a. Strand J at 7in. from zeavard~ end

b. Strand 6at 15 in. from landward end

Ic. Strand Bat 10 in, from seaward end

d. Strand 9 at landward end

Photo 9. Relation between outer wires and inner wire
of some strands in beam 21

Photo 10. Corroded wires of strand 6 of beam 21



bC. Section 3

I Photo 11. Depth o-k carbonation penetration in beam 13
(sheet 1 of' 2)
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e. Section 51

Tehoto 11 (sheet 2 of' 2)1
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Photo 12. Depth of carbonation penetration
in beam 21 (sheet I of 2)
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